[ 18 F] 2-fluoro-2-deoxy-D-glucose positron emission tomography-computed tomography scan was performed on 45 children with autism to study the baseline pattern and age-related developmental changes in the brain metabolism. Median standardized uptake values (SUVs) were compared with published healthy control data. Results showed that, in contrary to control data, the median SUVs in children with autism decrease linearly with increase in age. As compared to controls, autism children below 5 years showed greater metabolism and older children showed lower metabolism. In autism group, comparison of absolute SUVs within different regions of the brain revealed relatively lower metabolism in amygdala, hippocampus, parahippocampal gyrus, caudate nucleus, cerebellum, mesial temporal lobe, thalamus, superior and middle temporal pole, and higher metabolic uptake in calcarine fissure and Heschl's gyrus. These results help in understanding the baseline metabolism and developmental changes of brain among different age groups in autism. 
Introduction
Autism spectrum disorder (ASD) is a developmental disorder, with core clinical features including impaired social interactions, verbal and nonverbal communication deficits, restricted activities and interests, and stereotypic pattern of behavior. [1, 2] Autism is one of the diagnoses included under the umbrella term of ASD in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) Text Revision (TR) criteria. [3] Symptoms of autism start by 2 years of age and are accompanied by abnormal developmental changes in brain function and connectivity. [4] According to the report by the Centers for Disease Control and Prevention, about one in every 68 children has been identified with ASD. [5] The prevalence of ASD is variable in different countries.
[3] The gradual increase in prevalence of ASD is due to changes in diagnostic practices, lifestyle, and increased awareness.
[3] ASD is more prominent among boys as compared to girls. [5] The Baseline Pattern and Age-related Developmental
Metabolic Changes in the Brain of Children with Autism as Measured on Positron Emission Tomography/Computed Tomography Scan
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The advent of neuroimaging techniques such as magnetic resonance imaging (MRI), single-photon emission computed tomography (SPECT), positron emission tomography (PET), and functional MRI has opened a promising way to understand and study brain dysfunction in autism. Some structural and volumetric studies using MRI have shown increased brain volume, decreased volume of vermian lobules VI and VII, decreased volume of amygdala, and increased hippocampal volume in individuals with autism. [6] [7] [8] [9] However, subsequent studies showed no difference in brain volume, vermian lobules, amygdala, and decrease or no difference in hippocampal volume in individuals with autism. [8, [10] [11] [12] The lack of consistency in findings of brain abnormalities and contradictory results made MRI a poor diagnostic tool in autism.
The recent advancement in PET enables to determine the functional abnormalities in the brain. As glucose is the main metabolic substrate in the brain, [ 18 F] 2-fluoro-2-deoxy-D-glucose (FDG) is the most commonly and widely used radiotracer in PET imaging. FDG is robust and has longer half-life, which facilitates its use in both research and clinical imaging settings. [13] Earlier studies using PET in autism have shown decreased blood flow in temporal cortex, decreased glucose metabolism in thalamus and putamen, and increased glucose metabolism in occipital and parietal cortices. [14] [15] [16] Although various regions of abnormalities are observed in different PET studies, there is no conclusion of specific metabolic pattern in children with autism as compared to healthy brain. In this study, we used PET/computed tomography (CT) as a potential biomarker for studying the brain abnormalities in children with autism.
The objectives of this study were to determine the pattern of brain glucose metabolism in children with autism and to identify the differences in the age-related regional brain glucose metabolism of children with autism as compared to published data of healthy brain.
Materials and Methods

Patient selection
Forty-five children with primary autism (males and females) were selected from patients who underwent treatment during the year 2014-2015 at a neurological institute. As a part of the treatment protocol, PET/CT scan of the brain was done as a pre-intervention evaluation. The study protocol was reviewed and ethics approval was given by the Institutional Committee. Written informed consent was obtained from the parents of all the children. These children were diagnosed with autism by experienced psychology experts in the field of autism. They were diagnosed according to the DSM-IV TR criteria [3] and assessed on the Childhood Autism Rating Scale [17] and the Indian Scale for Assessment of Autism [18] scores. Children between 2.5 and 15 years of age were recruited for the study. For the children with autism, the following exclusion criteria were applied: abnormal result in MRI, presence of comorbid neurological disorder, and metabolic or chromosomal disease. However, these can become the confounding factor by affecting the baseline pattern of PET/CT findings.
Positron emission tomography brain image acquisition
Brain glucose metabolism was measured using high-resolution PET/CT camera. Regional changes in brain are determined using standardized uptake values (SUVs). Before the FDG-PET/CT examination, patients were fasting for at least 4-6 h. The blood glucose level was determined to be normal in the range of 100-140 mg/dl before injection. The autism children were then injected according to the dose card as suggested by the European Association of Nuclear Medicine. [19] After the injection, children with autism were isolated and kept in a quiet, dark room. Sedation was given to all the patients, few minutes before the scan, by which FDG signal within the brain was stable. They were positioned in supine with their arms resting by their side, head was fixed in place throughout the scan, and position of the vertex was marked. A 15 min static FDG PET/CT scan was performed using Biograph 16 scanner (Siemens, Germany). Transmission CT images for attenuation correction and PET emission images were acquired approximately 45 min after injection of the tracer. The CT acquisition parameters were as follows: slice thickness 0.5 cm, tube rotation 0.6 s, pitch 1.5, 100 kV, 90 mA, with dose modulation. PET images of the brain were obtained by 15 min acquisition on scanner. Images were reconstructed using standard vendor-supplied software (iterative three dimensional).
Positron emission tomography brain imaging processing
Brain PET images were normalized using SCENIUM Ratio Analysis software (Siemens Medical Solutions, USA), a probabilistic population-based brain atlas of human cortical structures. Spatial normalization was performed by an automated image registration toolkit, which used the ratio of image uniformity as the objective function. The spatial normalization procedure was evaluated qualitatively by visual inspection of normalized PET images overlaid on the brain atlas. The SUVs of all the 54 regions of the brain were calculated. The SUVs are calculated using the ratio of tissue radioactivity concentration within the region of interest (ROI) and the injected dose of radioactivity per kilogram of the patient's body weight. 
Statistical analysis
The statistical data were recorded and analyzed using Graph-pad PRISM software version 7 (GraphPad Software Inc, San Diego, CA). The average mean and standard deviation were analyzed for age and regional SUVs as absolute values. On post hoc analysis, ROI areas of hypometabolism or hypermetabolism in children with autism were calculated using normal distribution curve. In normal distribution curve, values less than one standard deviation (-1SD) from the mean SUVs were considered as hypometabolic. Values greater than one standard deviation (+1SD) from the mean SUVs were considered as hypermetabolic. The correlation and linear regression between age and absolute SUVs was performed using Pearson correlation. P < 0.05 was considered statistically significant.
To compare with the published data, the median SUVs were calculated from the absolute SUVs. The median SUVs between autism group of this study were compared to the median SUVs of published healthy control data. [20] 
Results
Demographics
The autism groups are segregated into three groups, according to their age as <5 years, 5-10 years, and 10-15 years. The demographics of the children with autism are shown in Table 1 .
Baseline pattern of brain metabolism in children with autism
On post hoc analysis, ROI areas of hypometabolism and hypermetabolism across the different age groups were analyzed for children with autism. They showed increased uptake in calcarine fissure and Heschl's gyrus. Whereas, amygdala, hippocampus, parahippocampal gyrus, cerebellum, caudate nucleus, mesial temporal lobe, thalamus, superior, and middle temporal pole showed decreased uptake. Absolute mean SUVs of children with autism in the ROI are shown in Table 2 .
The metabolism in these ROI decreases as age increases. There was a negative correlation observed between age and ROI as shown in Figure 1 .
We also analyzed all four lobes of the cerebral cortex. It was observed that temporal cortex showed the lowest metabolic uptake in all age groups.
There was also statistically significant negative correlation between age and absolute mean SUVs of all the cortical lobes including frontal (P = 0.03, r = −0.32), parietal (P = 0.02, r = −0.34), temporal (P = 0.01, r = −0.34), and occipital (P = 0.02, r = −0.35). This signifies the age-related linear decrease in the metabolism of the cortical lobes in the children with autism as shown in Figure 2 .
Comparison between age-related regional uptake in children with autism and published healthy control data Recently, the absolute median SUVs of healthy brain were published. [20] We compared the values of our autism group to the previously published absolute median SUVs of healthy brain. We observed that in <5-year age group of autism, all regions of the brain except hippocampus showed increased metabolic uptake as compared to the healthy control data. Hippocampus showed lower metabolic uptake. In 5-10-year age group, autism showed lower metabolic uptake in all regions of the brain as compared to the healthy control data. In 10-15-year age group, autism showed lower metabolic uptake in all the regions as compared to the healthy control data. Insula is minimally higher than healthy control data [ Table 3 ]. [20] As a representative image, FDG PET/ CT of 4-, 8-, and 12-year-old male children with autism is shown in Figure 3 .
Discussion
The purpose of this study was to determine the baseline pattern of brain glucose metabolism in children with autism and to compare the developmental age-related metabolic changes between autism group and healthy brain. In this study, we observed that children with autism exhibited hypometabolism and hypermetabolic regions across all age groups. Based on the post hoc findings, children with autism showed a linear decrease of brain glucose metabolism with increase of age within the ROI. Moreover, autism children showed increased metabolism below 5 years and showed decrease metabolism in 5-10 and 10-15 years as compared to the published healthy control data. This indicates that there are definite abnormalities in various stages of development of brain in children with autism.
Baseline pattern of brain metabolism in healthy brain
The age-related changes in metabolism among healthy brain was first established by Chugani. [21] Chugani showed that from birth to 4 years, there is an increase in glucose utilization which shows synaptic proliferation, and during that period, the child's cortical metabolism is twice as of adult, while from 4 to 10 years, the metabolism is maintained and after that there is a decline in brain metabolism to reach the adult metabolic pattern. [21] Furthermore, Shan et al. [20] documented age-related changes in median SUVs of healthy brain. They observed that absolute median SUVs increase with age until they reach adulthood. In his study, when the regions are normalized to cerebellum, the pattern was shown to be similar to previously published data by Chugani. [21] Few other studies also showed a linear increase of SUVs with respect to age. [22, 23] 
Developmental changes in children with autism as compared to healthy brain
In this study, we compared the median SUVs of autism group to that of published median SUVs of healthy control data. [20] Contrary to healthy control data, autism group showed age-related linear decrease in metabolism of brain. These findings demonstrate atypical neurodevelopmental trajectory of brain maturation in autism.
Pathological changes in the brain metabolism in autism
Absolute SUVs increase with age until they reach the normal adult pattern in healthy controls. Among the cortical structures, frontal showed highest age-related SUVs change which was followed by parietal, occipital, and temporal. Autism population showed the age-related decrease in SUVs uptake in the cortical region with varying uptake in all the four lobes. The trajectory of the brain metabolism in autism varies across different parts of the brain with the frontal and temporal being affected more as compared to the parietal and occipital cortices. [24] The current findings corroborate with the existing literature.
Literature suggests that there is a period of early overgrowth followed by arrested growth. This can be related to the abnormal age-related decrease in the brain metabolism in children with autism. [24, 25] The abnormal change in brain metabolism in autism could also be related with the abnormal neuronal migration, developmental alteration in axon numbers, axon pathfinding, and synaptogenesis. [26] The neuronal migration abnormality could alter the orientation, size, and spacing of minicolumns in frontal lobe which may lead to imbalance in excitation and inhibition of neurons. [27] This minicolumn abnormality may lead to the deficiency in inter-regional connectivity. [28] Moreover, synaptic pruning, elaboration of dendritic arborization, and increased myelination could also impact cortical connectivity. [29] In the present findings, children with autism below 5 years showed greater metabolic uptake as compared to healthy brain. These increased metabolic uptakes below 5 years could be associated with the increase in number of cortical neurons and density. [30] [31] [32] The progressive hypometabolism in autism could also be due to over inhibition of neurons creating imbalance between neuronal excitation and inhibition. [27] These excitatory and inhibitory imbalances could cause the deficit in learning in autism disorder.
Temporal cortex
Temporal cortex abnormalities seem to play a vital role in the clinical signs and symptoms. In the present studies, we observe that children with autism show decreased metabolism in the temporal cortex. Decreased metabolism in the superior temporal gyrus (STG) and increased metabolism in Heschl's gyrus lead to the abnormalities in the incoming auditory stimuli affecting the sensory perception, associated cognitive functions, and emotion in children with autism. [33, 34] It is also consistent with the previous findings showing abnormal activation of auditory cortex in response to auditory stimuli, auditory orientation to speech stimuli, and detection of auditory change in autism. [35] Medial temporal cortex which includes hippocampus, parahippocampal gyrus, and amygdala also showed abnormalities as described above. These brain regions are responsible for emotions and memory. The decreased metabolism in hippocampus, amygdala could be associated with the small size and increased packaging density found in hippocampus and amygdala as shown by Bauman and Kemper. [30] Therefore, these children may have significant abnormalities in emotions and memory.
Different functional neuroimaging studies showed the activation of fusiform area during perception of any visual stimuli. The present study indicates that children with autism showed a progressive decline of metabolism in the fusiform area. These results are in series with the findings from different studies in children with autism suggesting hypoactivation of fusiform area during facial expression. [36] The regions which are essential for social cognition and interaction include STG and middle temporal gyrus (MTG). In the present study, hypometabolism is observed in STG and MTG. This hypometabolism could be associated with the dysfunction in social activities in autism children. Our study is in concordant with the previous findings showing reduced activation in STG and MTG in children with autism. [37] 
Cerebellum
Cerebellum consists of the largest number of neurons and synapses in brain. [38] It plays a major role in motor functions and cognitive functions. [39] The deficits in cerebellar metabolism have been established in autism for many decades. In this study, children with autism show a reduced glucose metabolism in cerebellum. This corresponds to the different neuropathological studies showing abnormalities in cerebellar Purkinje cells, reduction in the size and number of cells in cerebellar nuclei, and active neuroinflammatory process within cerebellar white matter. [40] Children with autism showed an age-related linear decrease in glucose metabolism in cerebellar region. The bilateral median SUVs of cerebellum in this study were compared with healthy controls. Since Shan et al. [20] have not published unilateral values of cerebellum, the comparison of the right and left cerebellum was not performed. Further investigation of PET has to be focused on cerebellum to examine the pattern of brain glucose in individuals with autism.
Hypoperfusion
The SPECT provides information on regional cerebral blood flow of brain. Decrease in cerebral blood flow reflects hypometabolism in PET, which reflects neuronal damage in brain. The findings of our results correlate with the different SPECT studies showing reduced cerebral blood flow in temporal, frontal, parietal, and occipital cortices, thalamus, basal ganglia, and cerebellar hemisphere. [1, 41] 
Neuroinflammation
The metabolism of brain in children with autism decreases as age increases. This decreased metabolism could be related to the central nervous system inflammation which includes activation of microglial cells in autism as confirmed by postmortem histology studies of autism brains. [42] It has been reported that autism brain shows increased microglial activation in fusiform gyrus, orbitofrontal cortex, cingulate cortex, midbrain, and cerebellum. [43] The identification of inflammation is associated with abnormal findings in cerebrospinal fluid of autism patients that include tumor necrosis factor, IL-6, and monocyte chemoattractant protein-1 and chemotactic factors for mast cells. The inflammatory cytokines are increased during brain inflammation and associated with the damage of hippocampus and cortical regions. [44, 45] The purpose of this study was to establish the metabolic pattern for quantitative analysis of FDG PET for children with autism. To our knowledge, this is the first study which shows the age-related changes in the brain metabolism of children with autism.
Limitations
One of the limitations of this study is that gender-based comparison between male and female population could not be performed, due to insufficient number of female subjects. Due to ethical considerations and radiation exposure on pediatric healthy population, the PET/CT on healthy children was not performed. The PET/CT scans of healthy control and autism groups were performed in two different centers. The other limitation of the study is that only 26 regions of the brain were able to compare with the healthy controls. The group significant test could not be performed since the published data as established by Shan et al. have absolute median SUVs. The individual cerebellar changes in the autism could not be evaluated in this study since the median SUVs as established by Shan et al. [20] do not comment about the left and right side of the cerebellum.
Future directions
These pilot findings are promising and help in understanding the pattern in autism. This provides better insight into the pathology of autism and regions impaired at an earlier stage of the disease. In this study, only 26 regions of the brain were compared with the healthy controls. Therefore, future studies should be performed on complete regions of the brain between healthy controls and autism children. Moreover, studies have to focus on finding the correlation between clinical evaluation and the neuroimaging findings. Further studies are needed to analyze the comparison between mild, moderate, and severe autism.
Conclusion
Unlike the healthy controls, as the age increases, there is a linear decrease in brain metabolism of autism children. This study shows a baseline pattern of hypometabolism in amygdala, hippocampus, parahippocampal gyrus, cerebellum, mesial temporal lobe, thalamus, superior and middle temporal pole, and hypermetabolism in calcarine fissure and Heschl's gyrus in autism. These findings may be useful to understand the developmental changes in brain metabolism and to identify the regional defects peculiar to autism. The abnormalities detected in this study provide the explanation for the developmental, cognitive, and behavioral deficits observed in children with autism.
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